Dark sector shining through 750 GeV dark Higgs boson at the LHC by Ko, P. & Nomura, Takaaki
ar
X
iv
:1
60
1.
02
49
0v
2 
 [h
ep
-p
h]
  2
0 M
ay
 20
16
Dark sector shining through 750 GeV dark Higgs boson at the LHC
P. Ko∗ and Takaaki Nomura†
School of Physics, KIAS, Seoul 02455, Korea
(Dated: July 1, 2018)
We consider a dark sector with SU(3)C × U(1)Y × U(1)X and three families of dark fermions
that are chiral under dark U(1)X gauge symmetry, whereas scalar dark matter X is the SM singlet.
U(1)X dark symmetry is spontaneously broken by nonzero VEV of dark Higgs field 〈Φ〉, generating
the masses of dark fermions and dark photon Z′. The resulting dark Higgs boson φ can be produced
at the LHC by dark quark loop (involving 3 generations) and will decay into a pair of photon through
charged dark fermion loop. Its decay width can be easily ∼ 45 GeV due to its possible decays into a
pair of dark photon, which is not strongly constrained by the current LHC searches pp→ φ→ Z′Z′
followed by Z′ decays into the SM fermion pairs. The scalar DM can achieve thermal relic density
without conflict with direct detection bound or the invisible φ decay into a pair of DM.
INTRODUCTION
Recently both ATLAS and CMS Collaborations an-
nounced that there are some excess in the diphoton chan-
nel around mγγ ≈ 750 GeV [1, 2]:
σ(pp→ φ→ γγ) = (6.2+2.4−2.0) fb (ATLAS) (1)
= (5.6± 2.4) fb (CMS) (2)
Γtot(φ) ∼ 45GeV(ATLAS) (3)
whereas the CMS data prefers a smaller decay width [2].
Furthermore, at Moriond 2016, ATLAS and CMS have
reported that the local (global) significances of the dipho-
ton excess are about 3.9(2.0)σ and 3.4(1.6)σ, respec-
tively, where CMS added 0.6 fb−1 new data to the 13
TeV analysis and combined with 8 TeV data [3, 4].
This excess motivated a lot of phenomenological study
on possible scenarii of new physics beyond the Stan-
dard Model (BSM) which include models related to DM
physics [5–44], new gauge symmetry models [13, 20, 23,
35, 38–40, 43, 45–57] and other models [58–161]. It is
not easy to generate a large enough width ∼ 45 GeV
with large BR(φ → γγ), maintaining relevant cross sec-
tion of σ(pp→ φ→ γγ) ∼ O(10) fb and evading various
collider search bounds.
In this letter, we solve these problems by introducing
dark U(1)X gauge symmetry, dark photon Z
′, three gen-
erations of dark fermions with SU(3)C × U(1)Y charges
and singlet scalar DM X . Dark photon Z ′ can decay into
SM fermions via a small Z − Z ′ mixing. Dark fermions
are assumed to be chiral under U(1)X dark gauge symme-
try and get massive after spontaneous breaking of U(1)X
by nonzero VEV of U(1)X -charged complex scalar field
Φ, and a new Higgs boson φ appears from Φ. This sim-
ple setup for dark matter is a viable DM scenario with
interesting signatures at high energy colliders.
MODEL
Let us introduce a dark sector with new dark fermions
which carry both the SM SU(3)C×U(1)Y quantum num-
bers as well as dark U(1)X gauge charges, and a SM sin-
glet complex scalar field X as summarized in Table I. In
this model, every right-handed fermion fR in the SM has
its partner fermion FL with nonzero dark charge in the
dark sector. Then the FLfR operator becomes invariant
under the SM gauge transformation. Its nonzero dark
charge is cancelled by the dark charge of scalar DM X
in such a way that FLfRX becomes gauge invariant op-
erator. And FL becomes vectorlike under the SM gauge
group by introducing its chiral partner FR. The model is
very simple and free from gauge anomalies for arbitrary
a and b. A novel feature of this model is that the new
fermions FL and FR are chiral under dark U(1)X gauge
symmetry so that they are massless before spontaneous
symmetry breaking. And their effects on φ → gg, γγ
through triangle diagram evades from the decoupling the-
orem as their mass becomes heavy.
The Yukawa interactions and the scalar potential in-
cluding new fields in the dark sector are described by
LYukawa =y
EE¯LERΦ+ y
N N¯LNRΦ
† + yU U¯LURΦ†
+ yDD¯LDRΦ + y
EeE¯LeRX + y
UuU¯LuRX
†
+ yDdD¯LdRX + h.c., (4)
Fermions Scalar
EL ER NL NR UL UR DL DR Φ X
SU(3) 1 1 1 1 3 3 3 3 1 1
SU(2) 1 1 1 1 1 1 1 1 1 1
U(1)Y −1 −1 0 0
2
3
2
3
−1
3
−1
3
0 0
U(1)X a −b −a b −a b a −b a+ b a
TABLE I: Contents of new fermions and scalar fields
and their charge assignments under the gauge symmetry
SU(3)×SU(2)L×U(1)Y×U(1)X . We consider three families
of dark fermions.
2V =µ2H†H + λ(H†H)2 + µ2ΦΦ
†Φ + µ2XX
†X
+ λΦ(Φ
†Φ)2 + λX(X†X)2 + λHΦ(H†H)(Φ†Φ)
+ λHX(H
†H)(X†X) + λXΦ(X†X)(Φ†Φ). (5)
where H denote the SM Higgs field [177]. We have sup-
pressed the generation indices on the SM and the dark
fermions for simplicity. The Yukawa interactions provide
mass terms for the dark fermions F , which decay through
F → Xf . X is the SM singlet and can be a good DM
candidate. Note that there is an accidental Z2 symme-
try, X → −X , FL → −FL and FR → −FR which make
X stable at renormalizable level. There could be gauge
invariant operators that break this accidental Z2 symme-
try: X†Φn and/or XΦn which would generate nonzero
VEV for X after U(1)X symmetry breaking by nonzero
〈Φ〉 6= 0. Gauge invariance requires that ±a/(a+ b) = n
to be an integer. We can forbid this type of operators
by making a judicious choice of a, b so that ±a/(a + b)
is not an integer. Or we can make n very large so that
even if X develops a nonzero VEV, the lifetime of X be-
comes long enough (τX & 10
28 sec) to be a good DM
candidate. This model can be considered as a general-
ization of the singlet portal extensions of the SM where
dark matter lives in the dark sector [166], but the dark
sector now contains dark fields which are charged under
the SM gauge group as well as dark gauge group, unlike
the earlier models [166].
The gauge symmetry is broken after H and Φ get non-
zero VEVs:
H =
(
G+
1√
2
(v + h+ iG0)
)
, Φ =
1√
2
(vφ + φ+ iGφ),
(6)
where G±, G0 and Gφ are NG bosons which are absorbed
by W±, Z and Z ′ respectively. We shall call φ as dark
Higgs boson, since it appears as a result of spontaneous
breaking of dark U(1)X gauge symmetry.
We assume λHΦ is negligible and the mixing between
SM Higgs boson h and φ is negligibly small which is con-
sistent with the current Higgs data analysis [167]. Then
the scalar VEVs are given approximately by
v ≃
√
−µ2
λ
, vΦ ≃
√
−µ2Φ
λΦ
. (7)
The masses of new fermions are generated such that
MF =
yF√
2
vΦ , (8)
where F = E,N,U and D.
We consider kinetic mixing of the U(1)Y and U(1)X
gauge fields which are denoted respectively as B˜µ and
X˜µ;
Lkin =− 1
4
W aµνW
aµν
− 1
4
(B˜µν , X˜µν)
(
1 sχ
sχ 1
)(
B˜µν
Z˜
′µν
)
, (9)
where sχ ≡ sinχ. The kinetic terms are diagonalized by
the following non-unitary transformation;(
B˜µ
X˜µ
)
=
(
1 −tχ
0 1/tχ
)(
Bµ
Xµ
)
, (10)
where tχ = tanχ. After Φ and H develop non-zero
VEVs, the mass matrix for neutral gauge field is approx-
imately given by
1
8
(
Z˜
X
)T (
(g2 + g′2)v2 tχg′
√
g2 + g′2v2
tχg
′√g2 + g′2v2 4(a+ b)2g2Xv2Φ
)(
Z˜
X
)
.
(11)
where W 3µ = cos θWZµ+ sin θWAµ and Bµ = − sin θW +
cos θWAµ are used. Assuming χ≪ 1 [178], neutral gauge
boson masses are
m2Z ≃
1
4
(g2 + g′2)v2, m2Z′ ≃ (a+ b)2g2Xv2Φ. (12)
The mass eigenstates are given by(
Zµ
Z ′µ
)
=
(
cos θ − sin θ
sin θ cos θ
)(
Z˜µ
Xµ
)
, (13)
and the small Z − Z ′ mixing angle is given by
tan 2θ ≃ g
′√g2 + g′2v2
2(m2Z −m2Z′)
tχ. (14)
In Fig. 1, we show the branching ratios of Z ′ as a function
of its mass. Here q = u, d, s, c, b, and νν¯ includes all the
three flavors. Note that Z ′ decays into the SM through
the kinetic mixing so that Γ(Z
′
)/mZ′ ∼ O(χ2) . 10−4.
Therefore Z ′ would be a very narrow resonance.
We also find that Yukawa coupling of new dark
fermions and λΦ can be written in terms of gX and mZ′ ;
yF =
√
2(a+ b)gXMF
m′Z
, (15)
λΦ =
(a+ b)2m2φg
2
X
2m2Z′
. (16)
In our analysis, we require these couplings are perturba-
tive as yF < 4pi and λΦ < 4pi.
PHENOMENOLOGY
750 GeV Diphoton Excess
In this section, we analyze the production of φ and
its decays at the LHC 13 TeV. The production of φ is
3q q
e+ e- + Μ+ Μ-
Ν Ν
Τ+ Τ-
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FIG. 1: Branching ratios of Z′ as a function of mZ′ .
through gluon fusion process where the relevant effective
coupling is given by
Lφgg = αs
8pi

 ∑
F=U,D
(a+ b)
√
2gX
mZ′
A1/2(τF )

φGaµνGaµν ,
(17)
where A1/2(τ) = 2τ [1 + (1 − τ)f(τ)] with f(τ) =
[sin−1(1/
√
τ)] for τ ≥ 1 and τF ≡ 4m2F /m2φ. We
find that the effective coupling is described by mZ′
and gX since exotic fermion mass is given by VEV
of Φ. Applying the effective coupling, the produc-
tion cross section for the dark Higgs φ is calculated
by use of CalcHEP [169] with CTEQ6L PDF [170].
Fig. 2 shows the cross section in the mZ′ − gX plane
using parameter setting {MU,D,ME,N ,mX , λXΦ} =
{800GeV, 400GeV, 350GeV, 0.075} as a reference and
K-factor for gluon fusion as Kgg = 2.0. In the figure,
we also indicate excluded parameter region which vio-
late perturbative condition yU,D < 4pi and λΦ < 4pi de-
rived from Eq. (15) and (16) respectively. Thus a sizable
production cross section can be obtained in perturbative
parameter region.
The partial decay widths for φ → gg mode is derived
by
Γφ→gg =
α2sm
3
φ
32pi3
∣∣∣∣∣∣
∑
F=U,D
(a+ b)gX
2mZ′
A1/2(τF )
∣∣∣∣∣∣
2
. (18)
Similarly the partial decay width for φ→ γγ is given via
dark fermion loops such that
Γφ→γγ =
α2m3φ
256pi3
∣∣∣∣∣
∑
F
NFc
(a+ b)gXQ
2
F
mZ′
A1/2(τF )
∣∣∣∣∣
2
,
(19)
yU,D = 4 Π
ΛF = 4 Π
Kgg = 2.0
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FIG. 2: The σ(gg→ φ) in unit of pb where 3 copy of fermions
in Table I are applied and a ≃ b ≃ 1 with a 6= b is adopted.
We used parameter set as {MU,D,ME,N , mX , λXΦ} =
{800GeV, 400GeV, 350GeV, 0.075}. Gray(light gray) region
indicate yU,D(λΦ) > 4pi using Eq. (15) and (16).
where QF and N
F
c are electric charge and number of
color of an exotic fermion F . The partial decay width
for φ→ Zγ is also formulated by
Γφ→Zγ =
m3φ
32pi
|AZγ |2
(
1− m
2
Z
m2φ
)3
, (20)
AZγ =
2
√
2αsW gX
picW
×
∑
F
NFc (a+ b)Q
2
F
mZ′
[I1(τF , λF )− I2(τF , λF )] ,
where λF = 4m
2
F /m
2
Z and the loop integrals are given
as [171]:
I1(x, y) =
xy
2(x− y) +
x2y2
2(x− y)2 [f(x)
2 − f(y)2]
+
x2b
(x− y)2 [g(x)− g(y)] ,
I2(x, y) =− xy
2(x− y) [f(x)
2 − f(y)2] ,
g(t) =
√
t− 1 sin−1(1/
√
t) . (21)
On the other hand, the decay widths of φ into Z ′Z ′, X∗X
4and F¯F modes are given at tree level as
Γφ→Z′Z′ =
(a+ b)2g2Xm
2
Z′
32pimφ
× m
4
φ − 4m2φm2Z′ + 12m4Z′
m4Z′
√
1− 4m
2
Z′
m2φ
,
(22)
Γφ→X∗X =
λ2XΦm
2
Z′
16pi(a+ b)2g2Xmφ
√
1− 4m
2
X
m2φ
, (23)
Γφ→F¯F =
g2XM
2
F
4pim2Z′
mφ
√
1− 4M
2
F
m2Z′
. (24)
Fig. 3 shows the total decay width of φ in the mZ′ − gX
plane where the same parameter set as in Fig. 2 is
used. The branching fractions of φ decay can be ob-
tained by partial decay widths, which is shown as a
function of gX in Fig. 4 for mZ′ = 300 GeV with the
above parameter setting. Finally Fig. 5 shows contours
of σ(gg → φ)BR(φ → γγ) in the mZ′ − gX plane. We
therefore find that 3 − 10 fb cross section for diphoton
mode can be obtained in the region of gX ≃ 0.2−0.5 and
mZ′ < mS/2, simultaneously with a rather large decay
width of φ: Γtot(φ) ≈ 5− 40 GeV.
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FIG. 3: The total decay width of φ in unit of GeV with same
parameter setting as Fig. 2.
Dark Matter Phenomenology
The DM candidates of our model are X and N . We
assume that the Higgs portal coupling λHX = 0 for sim-
plicity, since this case is studied in great detail [172].
We also assume that the Yukawa couplings involving the
DM X and SM fermions in Eq. (4) are small enough
so that their contribution to thermal relic calculation
is negligible. Then the dominant annihilation processes
mX = 350 GeV
gg
Z ' Z '
XX
ΓΓ
ZΓ
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FIG. 4: Branching fraction for decay of φ.
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FIG. 5: The σ(gg → φ)BR(φ→ γγ) in unit of fb with same
parameter setting as Fig. 2.
of DM in our model are XX∗(NN¯) → Z ′Z ′ assuming
mX,N > mZ′ . We have included the t(u)−channel pro-
cesses mediated by virtual F exchange as well as the
s−channel process mediated by φ exchange. Note that
the Z ′-exchanging processes are suppressed since interac-
tions between Z ′ and SM particles are small due to the
small Z − Z ′ mixing we assume.
The thermal relic density is numerically estimated with
micrOMEGAs 4.1.5 [173] to solve the Boltzmann equa-
tion by implementing relevant interactions relevant for
the DM pair annihilation processes. In calculating the
relic density we assume a ≃ b ≃ 1 (but a 6= b). We
find that the DM relic density is given dominantly by
scalar DM X in the parameter region where one can ex-
plain the 750 GeV diphoton excess. It turns out that
the relic density of N is small due to large Yukawa cou-
pling yN which makes the amplitude for the N¯N →
φ → Z ′Z ′ process large. Thus the thermal relic density
of scalar DM X is calculated with fixed parameter set
5of {MU,D,ME,N ,mX} = {800GeV, 400GeV, 350GeV}
and by taking {gX , λXΦ,mZ′} as free parameters. We
then search for the parameter region which give the right
thermal relic density, i.e. Ωh2 = 0.1199 ± 0.0027 as re-
ported by Planck Collaboration [174]. The upper figure
in Fig. 6 shows the parameter region in the (mZ′ , gX)
plane providing the observed relic density for λXΦ = 0.
On the other hand, the lower figure in Fig. 6 shows the
corresponding parameter region in the (mZ′ , λXΦ) plane
for gX = 0.1 and 0.3. We find that interference between
t(u)− channel processes and φ exchanging s−channel
process makes λXΦ dependence of the relic density non-
trivial. For smaller λXΦ and gX , small amount of Higgs
portal coupling λHX can help us to achieve the correct
thermal relic density.
In this model, DM-nucleon scattering occurs through
h, φ and Z ′ exchanges. The amplitude for Z ′ exchange
will be small since it involves Z − Z ′ mixing which can
be sufficiently small. Also the Higgs contribution can
be made small enough if we take a small λHX . For φ
exchange, we have contribution to DM-nucleon scattering
amplitude from φ-gluon-gluon coupling in Eq. (17) and
φ − X − X coupling even if we suppress φ − h mixing.
The relevant effective coupling is given by
LXXGG = αS
4pi

 ∑
F=U,D
λXΦ
m2φ
A1/2(τF )

X†XGaµνGaµν
≡ αS
4pi
CgX
†XGaµνGaµν . (25)
Then the spin-independent DM-nucleon scattering cross
section is obtained as [175]
σSI =
m2N
pi(mX +mN )2
f2N (26)
fN
mN
= −2
9
Cgf
(N)
TG
(27)
where mN is the nucleon mass and f
(N)
TG
is the mass frac-
tion of gluonic operators in the nucleon mass. For the
numerical values for these parameters, we adopt values
in Ref. [176]. We find that DM-nucleon scattering cross
section is small as σSI . 10
−48cm2 for the λXΦ provid-
ing the observed relic density in Fig. 6. Therefore it is
difficult to observe the DM-nucleon scattering in direct
detection experiment.
Muon (g − 2)µ
It is interesting to note that this model can also solve
the muon (g−2)µ through the dark muon and dark mat-
ter loop. For mX = 350 GeV and mEi = 400 GeV,
we can account for the deficit in the aµ = 8 × 10−10
if yEiµ ∼ 2 − 3 assuming the universal yEiµ and mEi .
If we assume flavor conserving Yukawa, y ∼ 5 is needed.
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FIG. 6: The colored region in upper(lower) plot indicate pa-
rameter space in mZ′ − gX(mZ′ − λXΦ) plane which explain
observed relic density of X where other parameters are indi-
cated in the figures.
For such a large Yukawa coupling, however, we have large
cross section for DM annihilation into lepton pair through
the t-channel exchange of Ei. Therefore when the muon
(g−2)µ is explained by the dark leptons within our model,
the thermal relic density of X is too small and we need
another component of DM. Therefore we don’t consider
this possibility any more in this letter.
Stability of the potential
Here we briefly discuss the stability of the scalar poten-
tial. The one-loop beta functions of the Yukawa coupling
yF and λφ are given by [128]
βyF = y
F
[
3(2NFc + 1)(y
F )2 − 18
5
Q2F g
2
1 − 8g23
]
, (28)
βλΦ = 8λΦ
∑
F
NFc (y
F )2 + 18λ2Φ − 8
∑
F
NFc (y
F )4 (29)
where g1(3) are gauge couplings for SU(1)Y (SU(3)) and
the MS scheme is applied. As a rough estimation, we ig-
6nore the running of gauge couplings in the energy range
of O(1) TeV to O(10) TeV since the moderate running
of gauge couplings in the RHS of Eq. (28) does not make
significant changes for the running behavior of yF and
λΦ. In Fig. 7, we show the renormalization group run-
yF = 1.2
10.05.02.0 3.01.5 15.07.0
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FIG. 7: The running of λΦ according to Eq. (28) and (29)
where we adopted yF = 1.2 and λΦ = {1.3, 1.4, 1.5} at µ = 1
TeV as reference points.
ning of λΦ where we took λΦ = {1.3, 1.4, 1.5} as reference
points at µ = 1 TeV and assumed universal Yukawa cou-
plings yF = 1.2 at the same µ for simplicity. We thus
find that λΦ cannot be too small or too large to stabilize
the potential. Also relative magnitude between yF and
λΦ changes the running property significantly, which can
be tuned by changing U(1)X charge of Φ, a+b, according
to Eq. (15) and (16). By tuning the parameters, the sta-
bility of the potential can be achieved up to ∼ 10 TeV.
The complete analysis is beyond the scope of this letter
and we left it as future work.
Future Tests of This Model
The model presented in this letter can be tested at the
upcoming LHC experiments by searching for a pair of
dark photons around mZ′Z′ ∼ 750 GeV in the following
channels:
pp → φ→ Z ′Z ′
Z
′
Z
′ → 4j , 2j + ll , 2j + 6ET , 4l , 2l + 6ET ,
where 6ET is from νν¯ pair. Note that the total de-
cay width of dark photon Z
′
should be very narrow,
Γtot(Z
′)/mZ′ . 10−4. If the current ATLAS result on
Γφ ∼ 45 GeV is confirmed in the future, our model
predicts that the main decay channel of dark Higgs φ
should be a pair of dark photon, with a large cross sec-
tion, σ(φ → Z ′Z ′) ≈ O(5 − 40) pb (see Fig. 1) at the
LHC@
√
s = 13 TeV. Therefore a dedicated search for
dark photon pair could confirm or exclude our model.
Our model also opens widely a new window for DM
model building, especially the Higgs portal DM. By as-
suming that the dark sector matter fields carry nonzero
SM charges, the collider signatures become richer and
also the Higgs signal strength can be different from the
usual Higgs portal DM models in the presence of the mix-
ing between the dark Higgs and the SM Higgs bosons.
Our model can satisfy all the constraints from (in)direct
search bounds as well as DM searches at colliders.
CONCLUSION
In this letter, we proposed a new dark matter model
with 3 generations of dark fermions that are chiral under
new dark U(1)X gauge symmetry. Both dark photon and
the dark fermions get their masses entirely from sponta-
neous breaking of dark U(1)X gauge symmetry from the
nonzero VEV of Φ, and dark Higgs boson φ appears as a
result. Then the diphoton excess at 750 GeV is identified
as the dark Higgs boson from U(1)X symmetry break-
ing. The main decay mode of φ is a pair of dark photon
(φ→ Z ′Z ′) and could be probed at the LHC by search-
ing for 4j, 2j+ ll, 2j+ 6ET , 4l, 2l+ 6ET . It is remained to
be seen if the 750 GeV diphoton excess survives in the
future data accumulation. If it does, the model presented
in this letter would be an interesting possibility without
conflict with the known experimental constraints even
for large decay width of φ. In particular the production
and the decay of the dark Higgs boson φ involves dark
fermions in the triangle loops, opening a new window to
the dark sector.
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